Background {#Sec1}
==========

Many epidemiological studies have shown that exposure to airborne particles is associated with the exacerbation of asthmatic symptoms and the increase of asthma-related emergency department visits \[[@CR1]--[@CR3]\]. However, other studies have reported contradictory results \[[@CR4], [@CR5]\]. Airborne particles are a mixture of diverse materials; this variation may cause differences in the health effects. Biological aerosols, or bioaerosols, are suspended airborne particles comprising microorganisms such as bacteria and fungi and organic materials originating from living organisms. For instance, allergic proteins originating from fungi and pollen have been detected in airborne particles \[[@CR6], [@CR7]\]. Total protein concentration is often used as an all-inclusive indicator of airborne biological material that may enhance allergic and asthmatic responses in aerobiological studies \[[@CR8]--[@CR10]\]. Endotoxins or lipopolysaccharides are the major components of the outer membrane of Gram-negative bacteria and have been detected in both fine (aerodynamic diameter ≤ 2.5 μm; PM~2.5~) and coarse (aerodynamic diameter ≥ 2.5 μm) particles collected in urban and rural regions \[[@CR11]--[@CR14]\]. The inhalation of endotoxins stimulates the alveolar macrophages and respiratory epithelial tissue to release cytokines or chemoattractants that initiate an inflammatory cascade \[[@CR15]\]. Epidemiological and controlled exposure studies have indicated that endotoxin exposure is positively associated with the exacerbation of asthma \[[@CR16], [@CR17]\]. As described above, airborne particles, protein, and endotoxin may cause the exacerbation of asthma; therefore, knowing the concentrations of these air pollutants is important for patients with asthma to avoid exacerbation of their symptoms. However, there are few reports on the long-term levels of proteins and endotoxins in the outdoor air of Japan \[[@CR14]\].

The purpose of this study was to measure the concentrations of airborne particles, protein, and endotoxin in outdoor air and their associations with asthma. We collected fine (aerodynamic diameter ≤ 2.5 μm) and coarse (≥ 2.5 μm) particles and data on emergency department visits for asthma at a hospital in Kyoto City, Japan, from September 2014 to May 2016 and analyzed proteins and endotoxin levels in both types of particle. Kyoto is a core city of the Keihanshin metropolitan area, which is the second largest metropolitan area of Japan. The population of Kyoto City is 1.5 million, and its key industries are information technology, electronics, and tourism. Because meteorological factors such as temperature and relative humidity are reportedly associated with emergency department visits for asthma \[[@CR18], [@CR19]\], we used regression analysis to investigate the association of the levels of particles, protein, endotoxin, temperature, relative humidity, wind speed, and air pressure with emergency department visits for asthma.

Methods {#Sec2}
=======

Data on emergency department visits {#Sec3}
-----------------------------------

We obtained anonymized data on emergency department visits for asthma at the Rakuwakai Emergency and Critical Care Center in Kyoto from September 2014 to May 2016. The data included information on patient age, diagnosis, and date of visit. The patients in this study were adults (aged 15 years or older) and children (\< 15 years). This retrospective observational study was approved by the ethics committee of Kyoto Pharmaceutical University (Approval No. 17-16-18) and Rakuwakai Otowa Hospital (Approval No. 16-018).

Environmental data {#Sec4}
------------------

Fine and coarse particles were collected on glass filters (Advantec Co., Ltd., Tokyo, Japan) and quartz filters (Pall Life Sciences, Port Washington, NY, USA), respectively, in Kyoto (135.81° E, 34.99° N) using a high-volume air sampler (HV1000R; Shibata Scientific Technology, Soka, Japan) equipped with an impactor (Shibata Scientific Technology) at a flow rate of 1 m^3^/min for 1 week per filter. The filters were heated at 250 °C for 2 h prior to use. Particle collection was performed for 2 to 4 weeks per month from September 2014 to May 2016 (Table [1](#Tab1){ref-type="table"}). In total, 154 samples (77 sets each of fine and coarse particles) were collected. In October 1--14, 2014, we could not collect samples for seven consecutive days because of a typhoon. We eliminated 3 weeks, namely April 30 to May 6 and September 18--24, 2015, and May 2--8, 2016, because these weeks included three or four national holidays, and the number of emergency department visits for asthma might have increased in these weeks. The filters were weighed before and after the collection of airborne particles. After the sample collection, the filters were kept in a freezer at − 80 °C until protein and endotoxin measurement.Table 1Sampling periods of the particlesYearMonthWeek2014September1st (Sep. 1--7), 2nd (8--14), 3rd (15--21), 4th (22--28)October1st (Oct. 15--21), 2nd (22--28)November1st (Oct. 31--Nov. 6), 2nd (7--13), 3rd (14--20), 4th (21--27)December1st (Dec. 1--7), 2nd (8--14), 3rd (15--21), 4th (22--28)2015January1st (Jan. 6--12), 2nd (13--19), 3rd (20--26)February1st (Feb. 2--8), 2nd (9--15), 3rd (16--22), *4th* (*Feb*. *23*--*Mar*. *1*)March1st (Mar. 2--8), 2nd (9--15), *3rd* (*16*--*22*), 4th (23--29)April1st (Apr. 2--8), 2nd (9--15), 3rd (16--22), 4th (23--29)May1st (May 7--13), 2nd (15--21th), 3rd (22nd--28th)June1st (Jun. 1--7), *2nd* (*8*--*14*), 3rd (15--21), 4th (22--28)July1st (Jul. 3--9), 2nd (10--16), 3rd (17--23), 4th (24--30)August1st (Aug. 3--9), 2nd (10--16), 3rd (17--23), 4th (24--30)September1st (Sep. 4--10), 2nd (11--17), 3rd (Sep. 25--Oct. 1)October1st (Oct. 2--8), 2nd (9--15), 3rd (16--22), 4th (23--29)November1st (Nov. 4--10), 2nd (11--17), 3rd (18--24), 4th (Nov. 25--Dec. 1)December1st (Dec. 2--8), 2nd (9--15), 3rd (16--22)2016January1st (Jan. 6--12), 2nd (13--19), 3rd (20--26), 4th (Jan. 27--Feb. 2)February1st (Feb. 3--9), 2nd (10--16), 3rd (17--23), 4th (Feb. 24--Mar. 1)March1st (Mar. 3--9), 2nd (10--16), 3rd (17--23), 4th (24--30)April1st (Apr. 1--7), 2nd (8--14), 3rd (15--21), *4th* (*22*--*28*)May1st (May 9--15), 2nd (16--22), 3rd (23--29)The Asian dust event was observed in Kyoto by Japan Meteorological Agency on the following days: Feb. 23 and 24, Mar. 22, and Jun. 13 in 2015, and Apr. 24 and 25 in 2016. The weeks written in italics are periods that Asian dust event was observed

To analyze protein and endotoxin levels, 15% of the sample filters (corresponding to 1512 m^3^ of air) were extracted using 0.025% Tween 20 for 30 min by an ultrasonic apparatus \[[@CR14]\]. The extract was centrifuged, and a portion of the supernatant was used for the protein and endotoxin analyses.

The protein levels were analyzed using a bicinchoninic acid assay (Micro BCA Protein Assay Kit; Thermo Fisher Scientific, Rockford, IL, USA) according to the manufacturer's protocols and a microplate reader (Sunrise Thermo RC-R; Tecan Austria GmbH, Groedig, Austria), as described previously \[[@CR14]\]. The absorption of all 154 samples was higher than the detection limit (2.5 μg/mL), while that of a blank filter was lower than the detection limit.

The endotoxin levels were analyzed using the kinetic chromogenic Limulus amebocyte lysate (LAL) method (Limulus Color KY Test Wako kit; Wako Pure Chemical Industries, Ltd., Osaka, Japan) according to the manufacturer's protocols with a microplate reader (Sunrise Thermo RC-R), as described previously \[[@CR14]\]. Absorption of all 154 samples was higher than the detection limit (0.0005 EU/mL), while that of a blank filter was lower than the detection limit. For the spiked samples, the recovery rates were in the range of 50--200%, which were considered acceptable according to the instructions for the LAL assay kit.

Data on the daily mean ambient temperature, relative humidity, wind speed, and air pressure in Kyoto City were acquired from the Japan Meteorological Agency \[[@CR20]\].

Statistical analyses {#Sec5}
--------------------

Microsoft Office 2013 was used to calculate correlation coefficients. For the analyses of the association between the weekly numbers of emergency department visits and the weekly levels of environmental factors, we used the generalized linear models to fit a Poisson regression. The analyses were performed using SPSS Statistics Version 22 (IBM Software Group, Chicago, IL, USA). A *p* value of \< 0.05 was considered statistically significant.

Results {#Sec6}
=======

Emergency room visits for asthma {#Sec7}
--------------------------------

Figure [1](#Fig1){ref-type="fig"} shows the weekly number of emergency department visits for asthma during the study period (September 2014 to May 2016). In total, there were 490 emergency department visits (229 adults and 261 children) during that period. The number of emergency department visits ranged from 1 to 15 per week, with a high number of visits in the autumn and spring months, namely September (fourth week) 2014, September (first and second weeks) and October (first and fourth weeks) 2015, and April (third week) 2016.Fig. 1Number of emergency department visits for asthma at Rakuwakai Otowa Hospital in Kyoto. The study period (September 2014 to May 2016) was divided into autumn (September to November), winter (December to February), spring (March to May), and summer (June to August)

Weekly levels of air pollutants, temperature, relative humidity, wind speed, and air pressure {#Sec8}
---------------------------------------------------------------------------------------------

The weekly concentrations of particles, protein, and endotoxin in the outdoor air of Kyoto City during the study period are shown in Additional file [1](#MOESM1){ref-type="media"}: Figures S1, S2, and S3, respectively. Protein and endotoxin were detected in all samples examined in this study. For the entire sampling period, the weekly concentration of fine particles was slightly higher than that of coarse particles; the fine and coarse particle concentrations were 6.2--32.3 and 2.4--23.8 μg/m^3^, respectively (Additional file [1](#MOESM1){ref-type="media"}: Figure S1). For fine particles, the atmospheric concentrations were high in spring months, including March and April 2015 and May 2016. The atmospheric mass concentrations of coarse particles were high in the fourth week of February and spring months, including April 2015. The weekly concentration of protein in fine particles was markedly higher than that in coarse particles throughout the entire sampling period; the weekly protein concentrations of fine and coarse particles were 0.17--5.09 and 0.02--0.46 μg/m^3^, respectively (Additional file [1](#MOESM1){ref-type="media"}: Figure S2). The concentrations of protein in fine particles were high in spring months, including April and May 2015 and May 2016. In contrast, weekly concentrations of endotoxin in coarse particles (0.0004--0.0292 EU/m^3^) were higher than those in fine particles (0.00003--0.01279 EU/m^3^), and the weekly concentrations of endotoxin in coarse particles were high in autumn months, including September 2014 and 2015 (Additional file [1](#MOESM1){ref-type="media"}: Figure S3).

Table [2](#Tab2){ref-type="table"} shows the whole and seasonal mean values and standard deviations of air pollutants and meteorological factors. The mean values and standard deviations were calculated with the weekly mean value of each factor. Mean values of fine and coarse particles and protein in fine particles were high in spring 1 and spring 2. In contrast, the mean value of endotoxin in coarse particles was high in autumn 1 and autumn 2. Mean value of temperature ranged from 5.6 °C (winter 1) to 26.1 °C (summer). Other meteorological factors did not show any noticeable fluctuation.Table 2Weekly mean value (standard deviation) of air pollutants and meteorological factorsFine particleCoarse particleTemperature(°C)Relative humidity (%)Wind speed (m/s)Air pressure (hPa)Particles (μg/m^3^)Protein (μg/m^3^)Endotoxin (EU/m^3^)Particles (μg/m^3^)Protein (μg/m^3^)Endotoxin (EU/m^3^)Whole14.4 (5.2)1.42 (0.84)0.0019 (0.0022)7.6 (3.3)0.12 (0.08)0.0052 (0.0052)15.1 (7.7)65.5 (6.4)2.1 (0.3)1010.2 (4.9)Autumn 112.2 (2.1)1.83 (0.74)0.0031 (0.0035)7.7 (1.1)0.17 (0.11)0.0098 (0.0089)18.0 (5.2)65.9 (5.0)1.9 (0.26)1010.7 (4.15)Winter 113.2 (4.4)1.26 (0.34)0.0007 (0.0006)7.1 (5.8)0.07 (0.04)0.0014 (0.0007)5.6 (1.3)69.2 (3.5)2.0 (0.3)1012.6 (2.7)Spring 118.7 (7.4)1.96 (0.70)0.0020 (0.0022)8.5 (3.3)0.16 (0.05)0.0039 (0.0026)14.6 (5.6)61.5 (9.2)2.2 (0.2)1010.0 (4.5)Summer12.7 (4.3)0.79 (0.33)0.0008 (0.0009)8.1 (2.0)0.19 (0.07)0.0076 (0.0047)26.1 (3.1)68.6 (5.1)2.2 (0.4)1002.9 (1.8)Autumn 211.3 (4.2)0.95 (0.42)0.0026 (0.0021)7.4 (2.9)0.05 (0.02)0.0074 (0.0050)18.1 (4.0)67.1 (6.2)1.9 (0.3)1011.2 (4.2)Winter 212.3 (3.1)1.20 (0.71)0.0010 (0.0005)5.5 (2.1)0.05 (0.03)0.0017 (0.0004)6.9 (2.6)65.1 (4.4)2.1 (0.3)1014.4 (3.0)Spring 217.8 (5.0)2.05 (1.32)0.0032 (0.0025)8.6 (3.6)0.12 (0.05)0.0049 (0.0031)15.5 (5.04)61.0 (5.3)2.2 (0.2)1010.1 (3.7)

Table [3](#Tab3){ref-type="table"} shows the correlation coefficients for the weekly levels of airborne particles, protein, endotoxin, temperature, relative humidity, wind speed, and air pressure. For fine particles, the concentration of protein was positively correlated with that of particles (*r* = 0.654, *p* \< 0.001) and endotoxin (*r* = 0.331, *p* = 0.003). For coarse particles, the concentration of protein was positively correlated with the concentration of particles (*r* = 0.357, *p* = 0.001) and endotoxin (*r* = 0.498, *p* \< 0.001). The temperature was positively correlated with the coarse particle concentration and the concentrations of protein and endotoxin in coarse particles. Relative humidity was negatively correlated with the concentrations of fine particles and that of protein and endotoxin in fine particles. Air pressure was negatively correlated with the concentrations of protein and endotoxin in coarse particles.Table 3Correlation coefficient (*p* value) for environmental factorsFine particlesProtein (fine particles)Endotoxin (fine particles)Coarse particlesProtein (coarse particles)Endotoxin (coarse particles)TemperatureRelative humidityWind speedAir pressureFine particles1.00Protein (fine particles)0.654 (\< 0.001)1.00Endotoxin (fine particles)0.212 (0.064)0.331 (0.003)1.00Coarse particles0.551 (\< 0.001)0.175 (0.128)0.134 (0.246)1.00Protein (coarse particles)0.233 (0.041)0.169 (0.142)0.045 (0.695)0.357 (0.001)1.00Endotoxin (coarse particles)− 0.104 (0.367)− 0.085 (0.465)0.474 (\< 0.001)0.187 (0.103)0.498 (\< 0.001)1.00Temperature0.015 (0.897)− 0.045 (0.698)0.218 (0.057)0.244 (0.032)0.592 (\< 0.001)0.633 (\< 0.001)1.00Relative humidity− 0.548 (\< 0.001)− 0.516 (\< 0.001)− 0.523 (\< 0.001)− 0.187 (0.103)0.015 (0.897)− 0.006 (0.960)− 0.033 (0.779)1.00Wind speed0.026 (0.822)0.037 (0.750)0.088 (0.445)0.020 (0.860)0.104 (0.366)0.081 (0.485)0.082 (0.476)− 0.367 (0.001)1.00Air pressure0.043 (0.709)0.176 (0.126)− 0.102 (0.378)− 0.135 (0.240)− 0.567 (\< 0.001)− 0.463 (\< 0.001)− 0.511 (\< 0.001)0.008 (0.944)− 0.294 (0.009)1.00Correlation coefficient (*p* value) was calculated with the weekly levels of airborne particles, protein, endotoxin, temperature, relative humidity, wind speed, and air pressure. Statistically significant, *p* \< 0.05

Association of environmental factor levels with emergency department visits for asthma {#Sec9}
--------------------------------------------------------------------------------------

Figure [2](#Fig2){ref-type="fig"} shows the scatter plots of protein and endotoxin levels with the number of emergency department visits. The influences of the concentrations of airborne particles, protein, and endotoxin in fine and coarse particles on the emergency department visits for asthma were evaluated by generalized linear models to fit a Poisson regression to adjust for meteorological factors (temperature, relative humidity, wind speed, and air pressure). As shown in Table [4](#Tab4){ref-type="table"}, the concentrations of coarse particles and endotoxin in fine and coarse particles were statistically significant factors on emergency department visits for asthma. Among the meteorological factors, temperature was a significant factor in all cases. The concentrations of coarse particles and endotoxin in fine and coarse particles and temperature were positively associated with the number of emergency department visits for asthma.Fig. 2Scatter plots of protein and endotoxin levels with the number of emergency department visits for asthma. **a** Protein in fine particles. **b** Protein in coarse particles. **c** Endotoxin in fine particles. **d** Endotoxin in coarse particlesTable 4Results of Poisson regressions of air pollutants and meteorological factors on emergency department visitsVariablesCoefSE*p* valueFine particles− 0.0090.0110.414 Intercept− 16.79916.4490.307 Temperature0.0460.010\< 0.001 Relative humidity− 0.0090.0090.322 Wind speed− 0.2130.1740.222 Air pressure0.0190.0160.235Protein (fine particles)0.0320.0620.609 Intercept− 16.56616.5380.317 Temperature0.0460.010\< 0.001 Relative humidity− 0.0020.0090.823 Wind speed− 0.1700.1720.324 Air pressure0.0180.0160.264Endotoxin (fine particles)59.79220.9070.004 Intercept− 18.42016.6740.269 Temperature0.0430.010\< 0.001 Relative humidity0.0090.0090.333 Wind speed− 0.1000.1700.556 Air pressure0.0190.0160.242Coarse particles0.0440.0130.001 Intercept− 17.30916.5230.295 Temperature0.0420.010\< 0.001 Relative humidity− 0.0010.0080.944 Wind speed− 0.1720.1710.314 Air pressure0.0180.0160.251Protein (coarse particles)− 1.0110.7020.150 Intercept− 12.45916.7380.457 Temperature0.0490.010\< 0.001 Relative humidity− 0.0040.0070.588 Wind speed− 0.1860.1680.270 Air pressure0.0140.0160.383Endotoxin (coarse particles)29.6379.0440.001 Intercept− 13.34616.8500.428 Temperature0.0300.0110.007 Relative humidity− 0.0070.0080.343 Wind speed− 0.2100.1740.226 Air pressure0.0150.0160.349*Coef* regression coefficient, *SE* standard error of the regressionStatistically significant, *p* \< 0.05

To consider the seasonal variation, we stratified the data by season and then analyzed the influences of environmental factors on the emergency department visits for asthma (Table [5](#Tab5){ref-type="table"}). Coarse particle level was a statistically significant factor in spring and autumn and was positively associated with the emergency department visits for asthma. Protein level in fine particles was negatively associated with emergency department visits for asthma in summer. On the other hand, the protein level in coarse particles was a significantly positive factor in winter for emergency department visits. The endotoxin levels in both types of particles were not statistically significant in any season. Temperature was a significant factor in all cases in spring and in four of six cases in winter, and the association with emergency department visits was positive.Table 5Results of seasonal Poisson regressions of air pollutants and meteorological factors on emergency department visitsVariablesSpringSummerAutumnWinterCoefSE*p* valueCoefSE*p* valueCoefSE*p* valueCoefSE*p* valueFine particles0.0240.0180.199− 0.0820.0550.1310.0520.0320.1070.0030.0320.931 Intercept− 29.03537.4020.438− 22.25477.3350.7749.18334.9690.79345.92142.3850.279 Temperature0.0880.0330.0070.0400.0450.3750.0380.0320.2390.1070.0520.039 Relative humidity0.0160.0160.311− 0.0210.0430.6210.0160.0190.4190.0360.0290.214 Wind speed0.8980.5670.113− 0.6080.4530.1800.5370.4030.1830.4110.5000.411 Air pressure0.0260.0360.4770.0270.0790.736− 0.0100.0340.763− 0.0480.0410.245Protein (fine particles)− 0.1280.1210.291− 1.0390.5210.0460.0980.1290.4490.0480.2330.837 Intercept− 48.96638.9620.209− 53.43280.3200.50611.46034.5570.74049.65146.4180.285 Temperature0.1190.0390.0020.0110.0470.8220.0380.0340.2520.1070.0510.035 Relative humidity\< 0.0010.0150.9740.0010.0300.977− 0.0010.0150.9660.0350.0280.221 Wind speed0.6320.5440.246− 0.5050.3940.2000.2620.3590.4650.3670.5020.465 Air pressure0.0470.0380.2100.0570.0820.488− 0.0100.0340.756− 0.0510.0450.254Endotoxin (fine particles)22.98743.9930.60128.411181.9280.87623.46534.8680.50197.331399.5350.808 Intercept− 38.24037.1750.30433.84670.2570.6306.58034.9060.85049.85145.5740.274 Temperature0.0960.0320.0030.0490.0490.3090.0280.0320.3900.1030.0510.042 Relative humidity0.0100.0150.5170.0350.0280.2100.0040.0200.8350.0440.0460.336 Wind speed0.7320.5520.185− 0.1630.4120.6920.3330.3820.3820.3610.5010.471 Air pressure0.0360.0360.317− 0.0350.0710.618− 0.0060.0340.864− 0.0520.0450.248Coarse particles0.0650.0260.0130.0480.0710.4960.0870.0360.0170.0370.0200.058 Intercept− 40.87037.4080.27542.37470.4770.548− 2.95635.3720.93334.11342.1350.418 Temperature0.1030.0340.0030.0350.0510.5000.0420.0330.2120.0960.0520.066 Relative humidity0.0140.0150.3490.0330.0280.2270.0070.0150.6470.0420.0290.146 Wind speed0.9090.5550.101− 0.1550.3300.6400.1850.3580.6060.6310.4960.203 Air pressure0.0370.0360.299− 0.0440.0710.5370.0030.0340.933− 0.0370.0410.361Protein (coarse particles)− 4.1942.5630.102− 0.6352.4040.792− 1.3180.9090.1475.0562.2640.026 Intercept− 6.41542.3140.87929.89671.9280.67813.03833.5580.69841.43441.0910.313 Temperature0.1060.0330.0010.0520.0490.2950.0440.0330.1850.1140.0520.028 Relative humidity0.0020.0140.8670.0380.0300.216\< 0.0010.0150.9830.0360.0280.205 Wind speed0.6090.5510.269− 0.1650.3590.6460.2560.3550.4710.3610.4670.440 Air pressure0.0060.0410.892− 0.0310.0720.663− 0.0120.0330.716− 0.0440.0400.272Endotoxin (coarse particles)9.06932.0950.77845.83226.9000.08810.43215.7890.509311.199208.7610.136 Intercept− 34.80038.1480.36218.27870.6540.7969.70634.6710.78056.88044.5150.201 Temperature0.0940.0350.0070.0190.0490.7060.0180.0370.6190.0590.0580.314 Relative humidity0.0060.0140.6770.0220.0280.434− 0.0050.0150.7310.0460.0290.112 Wind speed0.6570.5450.228− 0.3150.3620.3840.2430.3590.4980.2540.4850.600 Air pressure0.0330.0370.370− 0.0180.0710.799− 0.0080.0340.813− 0.0590.0430.171*Coef* regression coefficient, *SE* standard error of the regressionStatistically significant, *p* \< 0.05

Discussion {#Sec10}
==========

In this study, we collected fine and coarse airborne particles in Kyoto City for 77 weeks (21 months), analyzed protein and endotoxin concentrations, and investigated the association of these concentrations, temperature, relative humidity, wind speed, and air pressure with the number of emergency department visits for asthma. We found that the concentrations of coarse particles and endotoxin in fine and coarse particles were significantly positively correlated with the number of emergency department visits in a generalized linear model to fit a Poisson regression to adjust for meteorological factors (Table [4](#Tab4){ref-type="table"}). To our knowledge, this is the first report to show that atmospheric endotoxin is significantly associated with asthma exacerbation in Japan.

Many studies have examined the relationship between exposure to fine and coarse particles and asthma, but their results have not been consistent. Some studies have reported a significant association between exposure to these particles and an increased risk of clinic visits and hospitalization for asthma, whereas others have found no significant association \[[@CR1], [@CR2], [@CR5]\]. These results suggest that the constituents of airborne particles cause the exacerbation of asthma and that diversity among these constituents may result in inconsistencies regarding the health effects. In the present study, the concentrations of airborne fine particles and protein in particles were not significantly associated with the number of emergency department visits for asthma in the case of the whole study period (Table [4](#Tab4){ref-type="table"}). Asthma is an allergic disease, and there are several reports on allergic proteins originating from pollen and fungi in outdoor air \[[@CR6], [@CR7]\]. In addition, various materials such as animal dander, as well as activities such as the combustion of organic materials, are also potential sources of protein in outdoor air \[[@CR8], [@CR10], [@CR21], [@CR22]\]. Kang et al. analyzed the protein and other constituents in airborne particles collected in Hefei, China, and concluded that anthropogenic activities and biomass combustion were the main sources of protein in the outdoor air in the study area \[[@CR8]\]. In a previous study, we found that the concentration of protein in fine particles was higher than that in coarse particles in Sasebo, Nagasaki, Japan, and that the protein concentration was positively associated with the concentrations of combustion products (nitrate and sulfate ions), indicating that the combustion of organic materials may be a source of protein. In this study, the concentration of protein in fine particles was higher than that in coarse particles collected in Kyoto (Additional file [1](#MOESM1){ref-type="media"}: Figure S2). These results suggest that the protein detected in this study may have originated from the combustion of organic materials and that the chemical structures of the proteins were altered by heat and photochemical reactions during transportation in the atmosphere and had lost their biological activity.

In this study, endotoxins in fine and coarse particles were significantly correlated with the number of emergency department visits for asthma. Endotoxin inhalation in a challenge setting induced the hallmarks of asthma, bronchoconstriction, airway inflammation, and bronchial hyper-responsiveness \[[@CR23], [@CR24]\]. The Institute of Medicine reviewed articles published from 2000 to 2013 on indoor environmental exposure and exacerbation of asthma, concluding that there was sufficient evidence of an association between indoor exposure to endotoxins and the exacerbation of asthma \[[@CR25]\]. However, the association between endotoxin in outdoor air and the exacerbation of asthma is unclear. Endotoxins are the major component of the outer membrane of Gram-negative bacteria. Park et al. reported that the abundance of bacteria on airborne particles increases on Asian dust days in Osaka, Japan, and that several classes of Gram-negative bacteria are dominant \[[@CR26]\]. Asian dust are soil particles that are carried eastward by winds from arid and semiarid areas of northern China and Mongolia. Asian dust events are mainly observed in the spring and autumn in Japan \[[@CR27]\]. Ichinose et al. detected endotoxins in soil samples collected from Asian dust source regions \[[@CR28]\]. In this study period, Asian dust events were found on 6 days in February, March, April, and June by Japan Meteorological Agency, and endotoxin levels in particles collected for weeks including these days were high. In addition, high levels of endotoxin were detected in particles collected in autumn (Additional file [1](#MOESM1){ref-type="media"}: Figure S3). Further investigation is needed to determine the exact sources of endotoxins in airborne particles.

In the analysis considering the effects of seasonality (Table [5](#Tab5){ref-type="table"}), the association of protein on emergency department visits for asthma was inconclusive; the regression coefficient of protein in fine particles was negative in summer, but that in coarse particles was positive in winter. To our knowledge, there were no reports on the atmospheric protein that improve asthmatic symptoms. The number of data in each season was small (12--22), and the inconsistency of the effects of protein may be caused by the insufficiency of data. Further sampling and analysis are necessary to confirm seasonal variation.

This study has several limitations. First, because we chose emergency department visits for asthma as a surrogate measurement for asthma exacerbation, the patients in this study may have had moderate to severe symptoms. This deviation of patients may have affected the association between environmental factors (particles, protein, and endotoxin) and the increased risk of asthma exacerbation. Second, we measured weekly levels of environmental factors and examined the association of these factors with emergency department visits for asthma, because the purpose of this study was to clarify the association for long term and daily measurement of these environmental factors was too laborious for long-term study. However, the levels of environmental factors may fluctuate every day. Therefore, further investigation using daily data should also be performed in the future. Third, we were unable to measure the effect of indoor endotoxin level on the exacerbation of asthma in this study. However, because endotoxin concentrations in indoor air are significantly correlated with those in outdoor air \[[@CR29]\], we believe that the endotoxin concentration of outdoor air is a suitable surrogate for endotoxin in the environment in order to analyze its association with health effects in a large population study. Fourth, data were available for 21 months in this study; thus, more long-term study is necessary to clarify the seasonal patterns.

Conclusion {#Sec11}
==========

In this study, we found that atmospheric endotoxin was a significant factor on emergency department visits for asthma even after adjusting for meteorological factors. Endotoxin level was positively associated with the number of emergency department visits for asthma. In contrast, the association between atmospheric protein and asthma exacerbation was inconclusive. This is the first report on the association of atmospheric endotoxin and protein with asthma exacerbation. Further study is necessary to ascertain the effects of atmospheric endotoxin and protein on asthma exacerbation.
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Additional file 1:**Figure S1.** Mass concentrations of fine (a) and coarse (b) particles in the outdoor air of Kyoto, Japan (September 2014--May 2016). Figure S2. Concentrations of protein in fine (a) and coarse (b) particles in the outdoor air of Kyoto, Japan (September 2014--May 2016). Figure S3. Concentrations of endotoxin in fine (a) and coarse (b) particles in the outdoor air of Kyoto, Japan (September 2014--May 2016). (ZIP 1803 kb)
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